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$EVWUDFW3URGXFLQJK\GURJHQIURPFDWDO\WLFJDVLILFDWLRQRIELRPDVVUHSUHVHQWVDQLQWHUHVWLQJ
SURFHVVWRIDFLOLWDWHWKHGHYHORSPHQWRIK\GURJHQHFRQRP\+RZHYHUWKHGHVLJQRIFDWDO\VWLV
DNH\FKDOOHQJHIRUWKLVWHFKQRORJ\,QWKLVZRUNFRVWHIIHFWLYH&DDGGHG1LEDVHGFDWDO\VWV
ZHUHGHYHORSHGDQGVWXGLHGIRUSURGXFLQJK\GURJHQZLWKDIL[HGEHGUHDFWRU7KHUHODWLRQVKLS
EHWZHHQ&DDGGLWLRQDQG WKHSHUIRUPDQFHRIFDWDO\VW LQ WHUPVRI WKH\LHOGRIK\GURJHQDQG
FDWDO\VWGHDFWLYDWLRQPHWDOVLQWHULQJDQGFRNHIRUPDWLRQZDVVWXGLHG7KHUHVXOWVVKRZHGWKDW
K\GURJHQSURGXFWLRQZDVODUJHO\HQKDQFHGZKHQ&DZDVDGGHGDVWKH\LHOGRIK\GURJHQZDV
HQKDQFHGIURPWRPPROJVDPSOHLQWKHSUHVHQFHRI&DEDVHGFDWDO\VW+RZHYHU
WKH\LHOGDQGFRQFHQWUDWLRQRIK\GURJHQZHUHNHSWDWVLPLODUOHYHOVZLWKWKHLQFUHDVHRI&D%\
QRUPDOL]LQJWKH\LHOGRIK\GURJHQLQUHODWLRQWRWKHDPRXQWRI1LSUHVHQWHGLQVLGHWKHFDWDO\VW
WKHK\GURJHQ\LHOGSHUPROHRIQLFNHOZDVLQFUHDVHGIURPJ1L&DFDWDO\VWWRJ1L
&DFDWDO\VWZKHQWKH&DDGGLWLRQZDVLQFUHDVHGIURPPROWRPRO732)7,5
DQDO\VLVRIWKHH[SHULPHQWHGFDWDO\VWVVKRZHGWKDW&DFDWDO\VWKDGWKHKLJKHVWDPRXQWRI
FRNH IRUPDWLRQ LQ SDUWLFXODU PRVW RI WKH GHSRVLWHG FDUERQV ZHUH DPRUSKRXV ZKLFK FRXOG
GHDFWLYDWHWKHFDWDO\VWVHULRXVO\,WLVWKHUHIRUHFRQFOXGHGWKDWWKHDGGLWLRQRIFRVWHIIHFWLYH&D
FRXOGHQKDQFHWKH\LHOGRIK\GURJHQIURPELRPDVVJDVLILFDWLRQ+RZHYHUWKHFRQFHQWUDWLRQRI
&DLQWKHFDWDO\VWQHHGVWREHFRQWUROOHGWRPLWLJDWHWKHJHQHUDWLRQRIFRNHRQWKHXVHGFDWDO\VW 
.H\ZRUGV%LRPDVV*DVLILFDWLRQ&DSURPRWHG1LFDWDO\VWV5HIRUPLQJ+\GURJHQ 
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1. Introduction 
Hydrogen represents a promising energy carrier that can be widely used for power generation 
and chemical production [1]. It can be produced from a verity of sources. Among them, biomass 
is considered to be an approximately carbon neutral resource and a promising raw material to 
generate hydrogen through gasification process. However, compared to the processing of fossil 
fuels, gasification of biomass still suffers from lower hydrogen production. Therefore, catalysts 
are commonly utilized to improve the yield of hydrogen from biomass. Even though noble 
metal catalysts including Pt and Rh etc. are efficient to improving the hydrogen production, the 
expensive cost limits the practical applications [2, 3]. Transition metals especially nickel 
catalysts have attracted much attention for producing hydrogen from biomass gasification due 
to the relative low cost of metals and high redox activity [4-6]. However, sintering and coke 
deposition can cause catalyst deactivation; this is a significant problem for practical catalyst 
applications [7, 8]. Therefore, several strategies such as controlling support properties [9-11] 
and using bimetallic metals [12-14] have been developed to reduce metal sintering and improve 
the performance of nickel catalysts. 
7KHDGGLWLRQRIEDVLFDONDOLHDUWKPHWDOVLQWR1LEDVHGFDWDO\VWVDWWUDFWHGLQWHQVLYHDWWHQWLRQLQ
LQKLELWLQJFRNHGHSRVLWLRQDQGLPSURYLQJWKHFDWDO\WLFDFWLYLW\GXHWRWKHSURPRWLRQRIFDUERQ
R[LGDWLRQ7KHDGGLWLRQRI&D2WR1LEDVHGFDWDO\VWKDVEHHQLGHQWLILHGDVDQHIIHFWLYHDSSURDFK
WRLPSURYHPHWKDQHFRQYHUVLRQDQGFDWDO\VWVWDELOLW\LQPHWKDQHUHIRUPLQJSURFHVV>@
+RXHWDO>@VWXGLHGWKHHIIHFWRI&DRQDVXSSRUWHGQLFNHOFDWDO\VWIRUPHWKDQHGU\UHIRUPLQJ
7KH UHVXOWV LQGLFDWHG WKDW WKH SUHVHQFH RI &D LQFUHDVHG WKH FRQYHUVLRQ RI PHWKDQH DQG WKH
VWDELOLW\RIWKH1Lɝ$O2GXHWR&DFRXOGLPSURYH1LGLVSHUVLRQVWUHQJWKHQLQJWKHLQWHUDFWLRQ
EHWZHHQVXSSRUWDQG1LSDUWLFOHV,QDGGLWLRQ.DULQ\HWDO>@PRGLILHG1L$O2FDWDO\VWV
XVLQJ&D2ZWWRHQKDQFHHWKDQROFRQYHUVLRQIRUK\GURJHQSURGXFWLRQ7KH1L&D$O
FDWDO\VWH[KLELWHGWKHORZHVWFRNHGHSRVLWLRQPROJIRUWKHUHIRUPLQJUHDFWLRQDQGQR
GHDFWLYDWLRQZDVIRXQGDIWHUKLQWKHVWDELOLW\WHVW7KH\SURSRVHGWKDWWKHLQWURGXFWLRQRI
&D2 LQWR WKH 1L$O2 FDWDO\VW OHG WR VWUXFWXUH FKDQJHV OHDGLQJ WR D VWURQJHU LQWHJUDWLRQ
EHWZHHQPHWDODQGVXSSRUW7KHUHIRUHDORZHUDFWLYDWLRQWHPSHUDWXUHZDVUHTXLUHGIRUHWKDQRO
UHIRUPLQJUHDFWLRQV&DWKHULQHHWDO >@DOVRVWXGLHG&DFRQWDLQLQJ1L$O2FDWDO\VWZLWK
GLIIHUHQW&DFRQWHQWV,WZDVUHSRUWHGWKDW&DDGGLWLRQFRXOGLQFUHDVH1LSDUWLFOHVL]HIURP
QP WR  QP ZKLFK UHVXOWHG LQ WKH IRUPDWLRQ RI HQFDSVXODWLQJ FDUERQV ,Q DGGLWLRQ WKH
1L&D$O2GHPRQVWUDWHGH[FHOOHQWFDWDO\WLFSHUIRUPDQFHDQGVXSHULRUVWDELOLW\IRUDWOHDVW
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 K GXH WR HIIHFWLYH FRNH UHPRYDO &D ORDGLQJ ZDV UHSRUWHG WR VLJQLILFDQWO\ UHGXFH FRNH
IRUPDWLRQRQWKHUHDFWHGFDWDO\VWEHFDXVHWKHSDUWLFOHVL]HRI1LWKHYDOHQFHEDQGRIFDWDO\VW
DQGWKHUDWHRIVWHDPFRNHUHDFWLRQZHUHLQIOXHQFHGE\WKHORDGLQJRI&D0RUHRYHU6HQJXSWD
HWDO>@PRGLILHGFDWDO\VWVXSSRUWZLWK&D2DQG0J2WRLPSURYHWKHFDWDO\WLFDFWLYLW\RI
$O2VXSSRUWHGZLWK1LDQG1L&RIRUPHWKDQHGU\UHIRUPLQJ7KHDXWKRUVUHSRUWHGWKDWWKH
SUHVHQFHRI&D2KDGDIDYRUDEOHHIIHFWRQPHWKDQHFRQYHUVLRQZKLFKZDVDWWULEXWHGWRWKH
LQWHUDFWLRQ EHWZHHQ &D2 DQG 1L VSHFLHV +RZHYHU 0J2 KDG DQ DGYHUVH HIIHFW RQ WKH
FRQYHUVLRQRIPHWKDQHDVDVFULEHGWRDVWURQJLQWHUDFWLRQEHWZHHQ0J2DQG1LDQG&RSKDVHV
ZDVIRUPHG 
,WZDVDOVRUHSRUWHGWKDW&D2DFWLQJDV&2DEVRUEHQWFRXOGSURPRWHZDWHUJDVVKLIWUHDFWLRQ
WR LQFUHDVH WKH SURGXFWLRQ RI K\GURJHQ IURP JDVLILFDWLRQ > @ ,Q DGGLWLRQ KLJK &2
DGVRUSWLRQFDSDFLW\FDQDFFHOHUDWHWKHDFWLYDWLRQRI&2DQGGHFUHDVHFDUERQGHSRVLWLRQRQWKH
UHDFWHGFDWDO\VW>@7KHUHIRUHLWVHHPVWKDWWKHDGGLWLRQRI&DLQWR1LFDWDO\VWV\VWHP
LVSURPLVLQJWRLQFUHDVHWKH\LHOGRIK\GURJHQDQGWRUHGXFHWKHGHSRVLWLRQRIFRNHRQUHDFWHG
FDWDO\VW+RZHYHUWKHUHLVQRV\VWHPDWLFLQYHVWLJDWLRQDERXWWKHDGGLWLRQRI&DRQSURGXFLQJ
K\GURJHQIURPELRPDVVJDVLILFDWLRQ,QWKLVVWXG\FRVWHIIHFWLYH&DZDVDGGHGWR1LFDWDO\VWV
IRU LPSURYLQJ K\GURJHQ SURGXFWLRQ XVLQJ D IL[HGEHG WZRVWDJH UHDFWRU 7KH UHODWLRQVKLS
EHWZHHQ&DDGGLWLRQDQGWKHFDWDO\WLFDFWLYLWLHVIRUSURGXFLQJK\GURJHQDQGWKHFRNHIRUPDWLRQ
DQGPHWDOVLQWHULQJRQWKHUHDFWHGFDWDO\VWVZDVVWXGLHG 
([SHULPHQWDO 
5DZELRPDVVVDPSOHDQGFDWDO\VWPDWHULDOV 
:RRGVDZGXVWOHVVWKDQPPSDUWLFOHVL]HZDVVHOHFWHGDVUDZIHHGVWRFNIRUWKLVZRUN7KH
ELRPDVVVDPSOHKDVZWPRLVWXUHZWIL[HGFDUERQZWYRODWLOHDQG
ZWDVK,QDGGLWLRQWKHVDPSOHKDVZW&ZW+ZW2DQGZW1 
&D1L0J$OPROHUDWLR1L0J$OPROHUDWLR1L&D$OPROHUDWLR
1L0J$O  FDWDO\VWV ZLWK IRXU &D ORDGLQJV      PROH ZHUH
REWDLQHGXVLQJDFRSUHFLSLWDWLRQPHWKRG,QLWLDOO\WKHUHTXLUHGDPRXQWVRI&D12ā+2
1L12ā+20J12ā+2DQG$O12ā+2ZHUHILUVWGLVVROYHGLQZDWHUDQGWKHQ
1D&2VROXWLRQZDVDGGHGLQWRWKHSUHFXUVRUVROXWLRQXQGHUFRQWLQXRXVVWLUULQJZLWKWKHS+
RI7KHSUHFXUVRUVZHUHZDVKHGZLWKZDWHUWKHQZHUHGULHGDW&RYHUQLJKW7KHREWDLQHG
SURGXFWVZHUHFDOFLQHGLQDPXIIOHIXUQDFHDW&IRUKLQWKHSUHVHQFHRIVWDWLFDLU 
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2.2 Biomass gasification experiment  
Biomass gasification was tested using the prepared &DDGGHG1LFDWDO\VWVusing a fixed bed 
reactor which consisted of two stages. The raw sample was initially decomposed at the first 
stage. The produced vapors were catalytic reformed/cracked at the second stage. A schematic 
diagram of the reaction system is shown in a previous work [25]. For the experiment, 1.0 
sawdust and around 0.5 g catalyst were used in the first stage and the second reactor, 
respectively. Prior to the heating of the reactors, N2 was introduced into the reactor with a flow 
rate of 80 ml min-1. The second stage where the catalyst was placed was heated to 800 °C, then 
the first stage where the wood sawdust was placed was heated to 550 °C at a 40 °C min-1.  
Steam was formed by injecting water into the second stage. The water injection rate was 4.74 
g h-1. The outlet of the second stage was connected to a condensation system which was cooled 
by air and dry-ice, respectively. The gas sample was collected by a gas bag for further analysis. 
For each experiment, a total reaction time around 40 min was used. Good mass balance of the 
experiment was obtained to have a good accuracy of experimental data. 
2.3 Gas analysis and characterizations of catalysts 
A gas chromatography (GC) was applied to determine the concentrations of the produced gases. 
CO2 gas concentration was analyzed using a Varian 3380 GC where a Hysep 80-100 mesh 
column and argon carrier gas were used. Another Varian 3380 GC was used to determine CO, 
H2, and N2 gases when argon was used as carrier gas; the GC had a 60-80 mesh molecular sieve 
column. C1-C4 based gases were analyzed by another Varian 3380 GC with a flame ionization 
detector while N2 is working as carrier gas.  
Textural properties of the fresh catalysts were analyzed by N2 adsorption and desorption 
(Quantachrome Autosorb). Before surface analysis, catalyst sample was degassed at 423K 
under vacuum for 12 hours.  
The crystal phases of the prepared catalysts were obtained using X-ray diffraction (XRD) 
(SIEMENS D6000) with a scanning range of 1.5-XVLQJ&X.ĮUDGLDWLRQwith a 0.1542 nm 
wavelength. The morphologies of the fresh and reacted catalyst were obtained by using a 
scanning electron microscope (SEM) (LEO 1530). In addition, high-resolution images of the 
catalysts were obtained by using a transmission electron microscopy (TEM) (Philips CM200).  
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TPO (Temperature-programmed oxidation) was carried out to investigate the information of 
coke deposited on the surface of the reacted catalysts using a Stanton-Redcroft 
thermogravimetric analyser (TGA). The produced gases from TPO analysis was analyzed with 
a Fourier transform infrared spectrometer (FTIR) (Nicolet Magna IR-560) to obtain the yield 
of CO2 produced from the oxidation of coke. A Nicolet Magna IR-560 thermogravimetric 
analyzer connected with a ThermoStar GSD301 mass spectrometer was used to test the 
reducibility of the fresh catalyst. During the TPR analysis, the sample was initially heated to 
Û&at a heating rate of 20 Û& min-1 with N2 carrier gas (500 ml min-1). The sample was then 
cooled to room temperature before the introduction of H2. Then TPR was carried out between 
room temperature and 1000 °C. The heating rate was 10 °C min-1.  
5HVXOWVDQGGLVFXVVLRQV 
Characterizations of the fresh Ni-Ca-Mg-Al  
3.1.1. N2 adsorption/desorption results of fresh catalysts 
%(7VXUIDFHDUHDRIWKHSUHSDUHGFDWDO\VWZDVVKRZQLQ7DEOH7KH%(7VXUIDFHDUHDRIWKH
&D1L0J$O  WKH 1L0J$O  WKH &D1L$O  ZDV   DQG
PJUHVSHFWLYHO\:LWKWKHLQFUHDVHRI&DORDGLQJIURP&DWR&DFRUUHVSRQGLQJ
WRWRPRORIWRWDOPHWDOVLQWKHFDWDO\VWWKHVXUIDFHDUHDZDVGHFUHDVHGIURP
WRPJDQGWKHSDUWLFOHVL]HZDVLQFUHDVHGIURPWRQPDVVKRZQLQ7DEOH
 
;5'UHVXOWVRIWKHSUHSDUHGFDWDO\VWV 
7KHVWURQJSHDNVDWDQG)LJXUHDQG)LJXUHZHUHVXJJHVWHGWREHWKHUHGXFWLRQ
RI1L21L2DQG1L2UHVSHFWLYHO\)URP)LJXUHRQO\WKH&D1L$O
VDPSOHH[KLELWHGWZRGLIIUDFWLRQSHDNVDWDQGLQGLFDWLQJWKHSUHVHQFHRI1L$O2>
@,QDGGLWLRQ&D2SKDVHZDVREVHUYHGH[FHSWIRUWKH1L0J$OFDWDO\VW:LWKWKH
LQFUHDVHRIFDOFLXPORDGLQJWKHSHDNLQWHQVLW\FRUUHVSRQGWR&D2SKDVHZDVLQFUHDVHG,WLV
GLIILFXOWWRGLVWLQJXLVK0J$O2IURP1L$O2DVWKHLUGLIIUDFWLRQSHDNVZHUHRYHUODSSHGLQ
WKH;5'SDWWHUQV$V UHSRUWHG0J$O2KDVGLIIUDFWLRQSHDNVDW 
DQG-&3'6>@1L$O2KDVGLIIUDFWLRQSHDNVDW
DQG-&3'61L2KDVSHDNVDWDQG
-&3'6>@ 
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9ROXPHDYHUDJH1L2SDUWLFOHVL]HVZDVFDOFXODWHGE\'HE\H6FKHUUHUHTXDWLRQIRUWKHIUHVK
FDWDO\VWDVVKRZQLQ7DEOH7KHFU\VWDOOLWHVL]HRI1L2SDUWLFOHIRUWKH&D1L0J$OFDWDO\VW
LVDURXQGQP ,I WKHUH LVQR&D ORDGLQJ LQ WKH IUHVKFDWDO\VW WKHVL]HRI1L2SDUWLFOH
GHFUHDVHG IURP  WR  QP +RZHYHU WKH 1L2 SDUWLFOH VL]H H[KLELWHG VOLJKW FKDQJHV
ZLWKRXWWKHDGGLWLRQRI0JLQWKHIUHVKFDWDO\VW 
3.1.2. SEM and TPR results of the prepared catalysts 
7KHPRUSKRORJ\RIWKHSUHSDUHGFDWDO\VWVZDVVWXGLHGE\6(0DQDO\VLV)URP)LJXUHWKH
PHWDO GLVWULEXWLRQ LV XQLIRUP IRU DOO WKH FDWDO\VWV +RZHYHU WKHUH ZDV QR REYLRXV
PRUSKRORJLFDOGLIIHUHQFHEHWZHHQWKHIUHVKFDWDO\VWVZLWKGLIIHUHQW&DORDGLQJV 
)LJXUH  VKRZV WKH FKDQJHV RI ZHLJKW RI WKH SUHSDUHG FDWDO\VWV REWDLQHG IURP 735 7KH
UHGXFWLRQDWDERXW&ZDVVXJJHVWHGWRWKHUHGXFWLRQRIEXON1L2SUHVHQWHGLQWKHFDWDO\VW
[31, 32].7KHVHFRQGUHGXFWLRQSHDNDWDURXQG&LVVXJJHVWHGWRWKHSUHVHQFHRIVPDOO1L2
SDUWLFOHV[18, 33] 7KHWKLUGUHGXFWLRQSHDNZDVVXJJHVWHGWREHGXHWRWKHUHGXFWLRQRI1L$O2
[34, 35] 7KHPRODUIUDFWLRQRIWKHPHQWLRQHG1LEDVHGSKDVHVDUHFDOFXODWHGEDVHGRQ735
DQDO\VLVDVVKRZQLQ7DEOH 
7KH&DFDWDO\VWVKRZHGWKHKLJKHVWIUDFWLRQRI1L$O2SKDVHDQGWKHORZHVWIUDFWLRQRI
1L2 SDUWLFOHV 7KH &D FDWDO\VW GHPRQVWUDWHG WKH KLJKHVW SHUFHQWDJH RI EXON 1L2 ,W LV
LQGLFDWHGWKDWWKHUDWLRRIEXON1L2SKDVHZDVLQFUHDVHGZKHQ&DFRQWHQWZDVLQFUHDVHG7KH
&DFDWDO\VWVKRZHGWKHKLJKHVWIUDFWLRQRIVPDOO1L2SDUWLFOHV 
0DVVEDODQFHRIH[SHULPHQWDOVWXGLHV 
7KHPDVVEDODQFHRIS\URO\VLVJDVLILFDWLRQRIELRPDVVLVVKRZQLQ7DEOHDQG7DEOH7KH
PDVV EDODQFH RI HDFK H[SHULPHQW ZDV REWDLQHG E\ WKH WRWDO ZHLJKW RI WKH RXWSXWV RI WKH
H[SHULPHQWLQFOXGLQJJDVOLTXLGLQFRQGHQVHUVDQGFKDUUHVLGXHGLYLGHGE\WKHLQLWLDOLQSXWV
LQFOXGLQJELRPDVVIHHGVWRFNDQGLQMHFWHGZDWHU$JRRGPDVVEDODQFHaIRUDOOWKH
H[SHULPHQWVZDVREWDLQHG&RPSDUHGWRWKHEODQNH[SHULPHQWXVLQJVDQGK\GURJHQSURGXFWLRQ
ZDVVLJQLILFDQWO\LQFUHDVHGZLWKWKHDGGLWLRQRIFDWDO\VWUHJDUGOHVVRIWKHDPRXQWRIFDOFLXP
DGGLWLRQ7KHFRQFHQWUDWLRQRIK\GURFDUERQJDVHV&&ZDVVLJQLILFDQWO\GHFUHDVHGZLWKWKH
LQWURGXFWLRQRIFDWDO\VWLQSDUWLFXODUIRUWKH&DDGGHGFDWDO\VWV,QDGGLWLRQLWVHHPVWKDWWKH
DGGLWLRQ RI FDOFLXP LQWR FDWDO\VW VKRZHG D SRVLWLYH HIIHFW RQ K\GURJHQ SURGXFWLRQ 7KH
K\GURJHQ\LHOGLQFUHDVHGIURPWRPPRO+JVDPSOHDQGK\GURJHQFRQFHQWUDWLRQ
LQFUHDVHGIURPWR9RODIWHULQWURGXFLQJFDOFLXP&DWRWKH1L0J$OFDWDO\VW
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)XUWKHUPRUH WKH FRQFHQWUDWLRQRI&+ZDV VLJQLILFDQWO\ UHGXFHG IURP WRYROE\
DGGLQJ&DWRWKH1L0J$OFDWDO\VW,WVHHPVWKDWLQWURGXFLQJ&DSURPRWHGPHWKDQHUHIRUPLQJ
UHDFWLRQ>@ 
&RPSDUHG WR WKH 1L0J$O FDWDO\VW WKH VXUIDFH DUHD RI &DDGGHG 1LEDVHG FDWDO\VW ZDV
GHFUHDVHGDVVKRZQLQ7DEOH7KXVLWLVGLIILFXOWWRLGHQWLI\DUHODWLRQVKLSEHWZHHQWH[WLOH
SURSHUWLHVRIWKHFDWDO\VWVDQGK\GURJHQSURGXFWLRQ,WLVVXJJHVWHGWKDW&DEDVHGFRPSRXQG
IRUPHG LQ WKH &D1L0J$O FDWDO\VW ZDV UHVSRQVLEOH IRU WKH LPSURYHG FDWDO\WLF DFWLYLW\ RI
K\GURJHQSURGXFWLRQ,WKDVEHHQUHSRUWHGWKDWWKHDGGLWLRQRI&D2LQFDWDO\VWV\VWHPPLJKW
LQFUHDVHWKHSURGXFWLRQRIK\GURJHQE\SURPRWLQJZDWHUJDVVKLIWUHDFWLRQDV&2ZDVLQVLWX
UHDFWHG>@ 
7KH1L0J$OFDWDO\VWZLWKGLIIHUHQW&D ORDGLQJVPROQRWHGDV&D
&D&DDQG&DUHVSHFWLYHO\ZDVDOVRLQYHVWLJDWHGIRUELRPDVVJDVLILFDWLRQ/LTXLG
\LHOGZDVFDOFXODWHGE\WKHZHLJKWRIFRQGHQVHGOLTXLGFRQWDLQLQJWDUVDQGXQUHDFWHGZDWHU
GLYLGHGE\WKHZHLJKWRIZRRGVDZGXVW'XHWRWKHDPRXQWRILQMHFWHGZDWHUFRXOGEHVOLJKW
GLIIHUHQW WKH OLTXLG\LHOGZDVQRW UHOLDEOH IRU LQWHUSUHWLQJ WKHFDWDO\WLF DFWLYLW\ IRUELRPDVV
JDVLILFDWLRQ7KHUHIRUH JDV DQGK\GURJHQ \LHOG DQGJDVFRQFHQWUDWLRQZHUHXVHG WRGLVFXVV
FDWDO\WLFDFWLYLWLHVRIWKHGHYHORSHGFDWDO\VW)URP7DEOHWKHKLJKHVWJDV\LHOGZDVREVHUYHG
 ZW  IRU WKH &D FDWDO\VW ,W LV VXJJHVWHG WKDW WKH KLJKHVW IUDFWLRQ RI VPDOO 1L2
SDUWLFOHVZKLFKPDNHVXSRIGLIIHUHQW1LEDVHGPDWHULDOV7DEOH,WLVLQGLFDWHGWKDW
WKHORZHVWJDV\LHOGZDVSURGXFHGIURPWKH&DFDWDO\VW 
)URP7DEOH WKH JDV FRQFHQWUDWLRQDQGK\GURJHQ \LHOG LQ UHODWLRQ WRELRPDVVZHLJKWZDV
FKDQJHGVOLJKWO\E\LQFUHDVLQJFDOFLXPFRQWHQWLQWKHFDWDO\VW,WLVVXJJHVWHGWKDWE\DGGLQJ
PRUH&DLQWKHFDWDO\VWWKHDFWXDODYDLODEOHDFWLYH1LPHWDOVZHUHUHGXFHGDVWKHWRWDODPRXQW
RIWKHFDWDO\VWZDVWKHVDPHIRUHDFKH[SHULPHQW7KHUHIRUHDK\GURJHQ\LHOGDVVRFLDWHGZLWK
QLFNHOPROHSHUFHQWDJHZDVFDOFXODWHGDQGVKRZQLQ)LJXUH7KHK\GURJHQ\LHOGREWDLQHGLQ
)LJXUHZDVFDOFXODWHGEHORZ(TXDWLRQ 
+\LHOGJ1L +\LHOGPPRO+JELRPDVVVDPSOH1LPRO 
 
7KHK\GURJHQ \LHOGSHUPROHRIQLFNHO LQFUHDVHG IURPJ1L&DFDWDO\VW WRJ1L
ZKHQWKHFDWDO\VWFKDQJHGIURPWKH&DWRWKH&D,WLVVXJJHVWHGWKDW&D2SOD\HGWZR
VLJQLILFDQWUROHVGXULQJWKHJDVLILFDWLRQRIELRPDVV)LUVWO\LWDGVRUEHGFDUERQGLR[LGHIURP
WKHJHQHUDWHGV\QJDVWRLQFUHDVHK\GURJHQ\LHOGE\WKHUPRG\QDPLFDOO\IDYRULQJZDWHUJDVVKLIW
UHDFWLRQ6HFRQGO\&D2PLJKWFDWDO\WLFSURPRWHVWHDPUHIRUPLQJRIK\GURFDUERQWRIRUP+
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ULFKV\QJDV>@,QDGGLWLRQWKH&DFDWDO\VWSURGXFHGPXFKORZHUK\GURJHQ
\LHOG7DEOHFRPSDUHGZLWKWKHRWKHU&DDGGHGFDWDO\VWV7KLVPLJKWEHGXHWRWKHSUHVHQFH
RIPXFKORZHUFRQWHQWRIVPDOO1L2SDUWLFOHVLQWKH&DFDWDO\VWDVVKRZQLQ7DEOH 
,Q WHUPVRI WKHVXUIDFHDUHDRI WKHFDWDO\VWDVVKRZQLQ7DEOH WKH&DFDWDO\VWKDV WKH
ORZHVW VXUIDFH DUHD ZKLFK LV RQO\  PJ +RZHYHU LW VKRZHG WKH KLJKHVW K\GURJHQ
SURGXFWLRQ SHU XQLW RI 1L ,W LV WKHUHIRUH LQGLFDWHG WKDW WKH UHDFWLRQV RI ELRPDVV FDWDO\WLF
S\URO\VLVJDVLILFDWLRQ ZHUH GRPLQDWHG E\ FDWDO\WLF PHWDO VLWHV RI WKH FDWDO\VW ZKLOH WKH
GLIIXVLRQRIUHDFWDQWVDQGSURGXFWVZHUHQRWNH\SDUDPHWHUVIRUK\GURJHQSURGXFWLRQLQWKLV
ZRUN 
 
3.3. Characterizations of the reacted catalysts 
3.3.1. TPO and XRD analysis  
TPO results about the reacted catalyst were presented in Figure 6 and Figure 7. The oxidation 
peak at around 420 °C was ascribed to amorphous carbons and the TPO peak at around 600 °C 
was suggested to be filamentous carbon [41]. The peak of mass increase at around 400 °C was 
associated with the oxidation of Ni produced by the reduction of NiO in the pyrolysis-
gasification process >@The catalyst without Ca loading exhibited a much lower peak 
intensity at 400 °C as shown in Figure 6. It is indicated that the content of reducible NiO 
particles in the Ni-Mg-Al catalyst was very low. It is also suggested that the addition of Ca into 
Ni-Mg-Al catalyst could significantly enhance the reducibility of the catalyst, thus improving 
hydrogen production. This is proved from the results in Table 3, where hydrogen yield was 
increased with the addition of Ca.  
Due to the large intensity of Ni oxidation for the reacted Ca-added Ni-Mg-Al catalysts in the 
TPO analysis, an overlap between the weight increase (Ni oxidation) and the weight loss 
(carbon oxidation) might be existed. Therefore, TPO-FTIR had been conducted to obtain clear 
information about the oxidation of carbon formed on the reacted catalysts. 
$VVKRZQLQ)LJXUHZLWKWKHLQFUHDVHRIFDOFLXPORDGLQJIURP&DWR&DWKHDPRXQW
RIR[LGL]HGFDUERQVZDVLQFUHDVHG,QDGGLWLRQDELJR[LGDWLRQSHDNZDVREVHUYHGDWDURXQG
°C indicatingWKDWPRUHDPRUSKRXVFDUERQVZDVJHQHUDWHGZLWKWKH&DFDWDO\VW7KLV
SKHQRPHQRQLVDWWULEXWHGWRWKDWWKH&DFDWDO\VWFRQWDLQHGWKHODUJHVWDPRXQWRIVPDOO1L2
SDUWLFOHVDVVKRZQLQ7DEOH6PDOO1L2SDUWLFOHVDUHUHDFWLYHIRUFDUERQIRUPDWLRQ
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LQWKHUPDOFUDFNLQJUHDFWLRQVZKLFKLVFRQVLVWHQWZLWKWKHKLJKHVWJDV\LHOGREWDLQHGE\WKH
&DFDWDO\VW7DEOH,QDGGLWLRQWKH&DFDWDO\VWDOVRJHQHUDWHGWKHODUJHVWDPRXQWRI
ILODPHQWRXVFDUERQFRUUHVSRQGLQJWRWKHKLJKHVWR[LGDWLRQQHDU°CLQWKH732DQDO\VLV
)LJXUH>@7KHUHIRUHDOWKRXJKWKHDGGLWLRQRI&DFDQLQFUHDVHK\GURJHQSURGXFWLRQ
IURPELRPDVVJDVLILFDWLRQWKHGHDFWLYDWLRQRIFDWDO\VWDVDVFULEHGWRWKHIRUPDWLRQRIFRNHRQ
WKHVXUIDFHVWLOOQHHGVWREHIXUWKHULQYHVWLJDWHG 
+RZHYHU ZLWK WKH IXUWKHU LQFUHDVH RI FDOFLXP ORDGLQJ WR &D WKH LQWHQVLW\ RI FDUERQ
R[LGDWLRQLVGHFUHDVHGGXHWRWKHSUHVHQFHRI1L$O2ZKLFKSHUIRUPHGDSRVLWLYHHIIHFWRQ
GHFUHDVLQJWKHFRNHGHSRVLWLRQRQWKHVXUIDFHRIUHDFWHGFDWDO\VW>@ 
6(0DQG7(0DQDO\VLV 
7KHVXUIDFHPRUSKRORJ\RIWKHH[SHULPHQWHGFDWDO\VWVREWDLQHGE\6(0DQDO\VLVLVVKRZQLQ
)LJXUH,WFDQEHVHHQWKDWVRPHILODPHQWRXVFDUERQVZHUHJHQHUDWHGRQWKHH[SHULPHQWHG
FDWDO\VWV)XUWKHUPRUHFRPSDUHGWRWKHUHDFWHG1L&D0J$OFDWDO\VWDQREYLRXVIRUPDWLRQ
RIILODPHQWRXVFDUERQJHQHUDWHGE\WKHUHDFWHG1L&D$ODQG1L0J$OFDWDO\VWV,QDGGLWLRQ
WKHUHDFWHG&DFDWDO\VWVKRZVWKHPRVWREYLRXVFRNHGHSRVLWLRQZKLFKLVFRQVLVWHQWZLWK
WKHGDWDREWDLQHGWKH732DQDO\VLV)LJXUH 
6HOHFWHG7(0UHVXOWVRIWKHUHDFWHG&D&DDQG&DFDWDO\VWVZHUHGHPRQVWUDWHGLQ
)LJXUH  1L SDUWLFOHV ZHUH REVHUYHG IRU DOO WKH UHDFWHG FDWDO\VWV ,W LV GLIILFXOW WR REVHUYH
ILODPHQWRXVFDUERQVVLQFHWKHDPRXQWRIFDUERQIRUPHGRQWKHVXUIDFHRIWKHUHDFWHGFDWDO\VW
ZDVYHU\VPDOO$VVKRZQLQ)LJXUHWKHSDUWLFOHVL]HIRUWKHUHDFWHG&DFDWDO\VWLVDURXQG
QPZKLFKLVVLPLODUWRWKHIUHVKFDWDO\VWQPLQ7DEOH 
 
&RQFOXVLRQV 
 
,Q WKLV ZRUN FRVWHIIHFWLYH &D DGGHG 1LEDVHG FDWDO\VWV ZHUH GHYHORSHG DQG VWXGLHG IRU
SURGXFLQJ K\GURJHQ IURP VWHDP ELRPDVV JDVLILFDWLRQ XVLQJ D IL[HGEHG UHDFWRU 7KH
UHODWLRQVKLSEHWZHHQ&DDGGLWLRQDQG WKHSHUIRUPDQFHRIFDWDO\VW LQ UHODWLRQ WR WKH\LHOGRI
K\GURJHQDQGPHWDOVLQWHULQJDQGFRNHIRUPDWLRQRQUHDFWHGFDWDO\VWZDVVWXGLHG7KHUHVXOWV
VKRZHGWKDWLQFRUSRUDWLQJ&DLQWRWKH1L0J$OFDWDO\VWZDVHIIHFWLYHIRUHQKDQFLQJK\GURJHQ
SURGXFWLRQVHTXHQWLDOO\UHGXFLQJWKHFRVWRIFDWDO\VW)RUH[DPSOHWKH\LHOGRIK\GURJHQZDV
LQFUHDVHGIURP WRPPROJ VDPSOHZKHQ&DZDV LQWURGXFHG LQ WR WKH1L0J$O
FDWDO\VW7KLVLVDWWULEXWHGWRHQKDQFHGDGVRUSWLRQRI&2XVLQJ&D2DQGWKXVSURPRWHGWKH
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ZDWHUJDVVKLIWUHDFWLRQLQ WKHJDVLILFDWLRQSURFHVV732)7,5DQDO\VLVRIWKHH[SHULPHQWHG
FDWDO\VWVVKRZHGWKDWWKH&DFDWDO\VWKDGWKHKLJKHVWDPRXQWRIFRNHIRUPDWLRQLQSDUWLFXODU
PRVWRIWKHGHSRVLWHGFDUERQVZHUHDPRUSKRXVZKLFKFRXOGGHDFWLYDWHWKHFDWDO\VWVHULRXVO\
,W LV WKHUHIRUH FRQFOXGHG WKDW WKH DGGLWLRQ RI FRVWHIIHFWLYH &D FRXOG HQKDQFH WKH \LHOG RI
K\GURJHQIURPELRPDVV+RZHYHUWKHFRQFHQWUDWLRQRI&DLQWKHFDWDO\VWQHHGVWREHFRQWUROOHG
WRPLWLJDWHWKHIRUPDWLRQRIFRNHRQWKHXVHGFDWDO\VW 
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7DEOH7H[WXUDOFKDUDFWHULVWLFRIIUHVKFDWDO\VWV 
Sample (mole ratio) Surface area (m2g-1) Particle Size (nm) 
Ca Ni Mg Al (1:2:2:1) 79.48 17.98 
Ni Mg Al(2:2:1)  (no Ca) 126.29 8.80 
Ca Ni Al (1:2:1)  (no Mg) 96.54 17.32 
0.1 Ca Ni Mg Al (1:1:1) 153.27 19.85 
0.3 Ca Ni Mg Al (1:1:1) 145.16 20.63 
0.5 Ca Ni Mg Al (1:1:1) 138.31 21.27 
0.8 Ca Ni Mg Al (1:1:1) 98.88 27.53 
3DUWLFOHVL]HREWDLQHGIURP;5'GDWDFDOFXODWHGEDVHGRQWKH6FKHUUHU¶VIRUPXOD 
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7DEOH&RQWHQWVRI1LEDVHGPDWHULDOVEDVHGRQ735DQDO\VLV 
Sample Bulk NiO ratio 
(mol%) 
Small NiO ratio 
(mol%) 
NiAl2O4 ratio 
(mol%) 
0.1Ca 6.4 6.37 87.2 
0.3Ca 8.3 26.2 65.5 
0.5Ca 10.8 54.9 34.2 
0.8Ca 22.4 18.1 59.4 
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7DEOH0DVVEDODQFHDQGJDVFRPSRVLWLRQVIURPJDVLILFDWLRQRIELRPDVV 
 
Catalyst bed 
 
Blank 
 
Ni-Ca-Mg-Al  
(1:1:1:1) 
 
Ni-Mg-Al  
(1:1:1) 
Gas/wood (wt. %) 53.7 55.8 53.3 
Liquid yield (wt. %) 82.3 77.9 83.7 
Mass balance (wt. %) 97.55 94.03 97.52 
H2 yield (mmol H2 g-
1sample) 
6.0 18.2 10.4 
Gas composition (Vol.%, 
N2 free) 
   
CO 29.7 23.0 25.3 
H2 23.2 52.3 35.1 
CO2 14.1 16.2 12.3 
CH4 29.4 8.1 24.6 
C2-C4 3.5 0.4 2.6 
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7DEOH0DVVEDODQFHDQGJDVFRPSRVLWLRQVIURPJDVLILFDWLRQRIELRPDVVRIZLWKGLIIHUHQW
FDOFLXPUDWLR 
Catalyst bed 0.8Ca 0.5Ca 0.3Ca 0.1Ca 
Gas/wood (wt. %) 67.6 74.4 65.9 57.4 
Liquid yield (wt. %) 75.9 82.2 77.4 81.4 
Mass balance (wt. %) 92.19 99.34 96.02 97.85 
H2 yield (mmol H2 g-1 
sample) 
20.4 20.6 21.4 16.3 
Gas composition (Vol.%, 
N2 free) 
    
CO 24.0 22.4 22.5 21.1 
H2 49.6 49.0 53.3 47.3 
CO2 15.7 20.5 18.2 16.2 
CH4 9.9 7.7 5.5 14.3 
C2-C4 0.9 0.3 0.5 1.0 
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Figure 1 XRD analysis of the fresh catalyst 
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)LJXUH735DQDO\VLVRIIUHVK1L&D0J$OFDWDO\VWV 
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Figure 6 TPO analysis of the catalyst 
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Figure 7 TPO analysis results of the reacted catalysts with different Ca ratios 
  
27 
 
 
)LJXUH&2)7,5UHVXOWVGXULQJWKH732H[SHULPHQW 
  
28 
 
 
 
 
)LJXUH6(0LPDJHVRIUHDFWHG1L&D0J$OFDWDO\VWV 
  
29 
 
 
)LJXUH7\SLFDO7(0LPDJHVRIUHDFWHGFDWDO\VWV 
 
